Although perovskite solar cells have demonstrated impressive efficiencies in research labs (above 23%), there is a need of experimental procedures that allow their fabrication at ambient conditions, which would decrease substantially manufacturing costs.
Introduction
The photovoltaic field has undergone rapid progress in the last few years due to the development of solar cells based on hybrid organic-inorganic perovskite materials. 1, 2 The power conversion efficiency (PCE) of perovskite solar cells (PSCs) is evolving far faster than any other solar technology known to date. [3] [4] [5] The natural abundance of the raw materials employed to synthesise perovskite and their excellent optoelectronic properties (large absorption coefficient, direct band gap, high charge carrier mobility and long carrier diffusion lengths) make them potential competitors of well-established thin-film photovoltaic technologies such as those based on silicon. [6] [7] [8] Indeed, nowadays, the PSCs can be fabricated with competitive efficiency (PCE > 20 %) 5, [9] [10] [11] [12] [13] , setting the certified record in 23.7%. 14 However, these high PCEs have been achieved using testing-devices with a small active area and fabricated under dry conditions inside a glove-box (GB). These two issues do not only increase the manufacturing cost and limit its industrial scale, but also restrict its commercialisation. [15] [16] [17] Although perovskite films under certain moisture level have been achieved with a high quality, [18] [19] [20] [21] the fact is that these devices have not reached yet the PCEs of their glove-box counterparts. 22 Nevertheless, different strategies have been recently reported in the literature to optimize PSCs fabrication under ambient condition. [23] [24] [25] [26] [27] One of the most recent methodology is that proposed by Aranda et. al. 26 They demonstrated that it is possible to prepare highly efficient methylammonium lead iodide (MAPbI3)
perovskite devices under different humidity conditions by controlling the dimethyl sulfoxide (DMSO): Pb 2+ ratio in the precursor solution as a function of the relative humidity (RH) of the environment. Using this methodology, PCEs approaching 19% for devices fabricated in humid environment were achieved, which are in the range of the highest reported efficiencies for this type of perovskite prepared in dry conditions. 1, 28 In addition, these PSCs fabricated at ambient conditions have proven to be more robust against moisture-induced ageing and degradation than those prepared at low RH values or dry conditions. 29 The addition of both thiocyanate ions or orthosilicate in perovskite precursor solution 24, 25, 30 or the use of pre-heating treatments of the electron selective contact 23, 27 have been suggested as other strategies to fabricate PSCs with high efficiency at ambient conditions.
In all previous reports related to the preparation of PSCs outside GB, RH is considered as the main control parameter to fabricate solar devices. Nevertheless, RH is a relative parameter that depends of the saturation value of water vapor in air, which depends on the temperature. The maximum amount of water molecules in the vapor phase (saturation), which is able to hold a system is well established in engineering and thermodynamics tables. These data are approximately determined by the ClausiusClapeyron equation
where Pws and DHv are the saturation vapour pressure and the water vaporization enthalpy, respectively. T is the temperature, R is de ideal gas constant and C is a proposed to use the dew point as a control parameter in the fabrication procedure. 33 Playing with several temperatures at the same RH, these authors have found an optimum value of the dew point in which the PCE was highest, showing that it is the absolute content of water the only parameter that matters. However, they only took into account the moisture levels during the annealing stage ignoring the fact that the water content in air affects the perovskite crystallization process in other stages of perovskite films fabrication as well. 20 In this work we choose to use the water vapour pressure (WVP) only as control parameter because it has a more direct and clear physical meaning associated to the RH, temperature and vaporization enthalpy via Eqs. (1) Results and discussion It should be noted that similar PCE values were previously reported for MAPbI3 devices deposited at 50% RH although no specific temperature data was given. 25, 26 In this work we show, though, that small temperature changes have a strong impact on the performance, as a consequence of the big jump in the absolute content of water in air.
Although the perovskite films looked homogenous regardless of the environmental conditions during the deposition process, a drop of photocurrent density at short-circuit (Jsc) and open-circuit potential (Voc) was clearly observed with the increase of temperature and, consequently, with higher WVPs (Fig. S1 .B and Fig. S1 .C). Therefore, these results plainly demonstrate the importance of WVP, as the main control parameter to take into account humidity, instead of RH as popularly used in PSC fabrication.
To analyse the effect of DMSO in perovskite precursor solution as a function of water content in air, precursor solutions with different DMSO:Pb 2+ ratios were employed. WVPs of 1.66 kPa and 1.85 kPa (301 K and RH of 44 % and 49 %, respectively) were considered in these experiments. Figure S2 shows the average photovoltaic parameters obtained using different DMSO:Pb 2+ ratios in the precursor solutions. The optimum DMSO:Pb 2+ ratio for the different WVP are in line with the mechanism previously discussed. 26, 29 Under ambient conditions, the atmospheric H2O molecules can be incorporated to the lead complex and compete with the DMSO in the coordination sphere of the lead ion. Thus, in humid atmospheres, it is necessary to adjust the content of DMSO in the perovskite precursor solution as a function of WVP to achieve the correct stoichiometry of the PbI2:H2O:DMSO complex. In general, lower amounts of DMSO are required to reach high efficiencies at higher WVP. In particular, an optimum DMSO:Pb 2+ ratio of 1.0 and 0.75 were found for 1.66 kPa and 1.85 kPa, respectively, for which a maximum efficiency of 15.6 % and 12.5 % were obtained ( Fig. S2 .A). Nevertheless, in both cases, the values obtained using the different DMSO:Pb 2+ ratios at these environmental conditions were mainly determined by the distinct Jsc values ( Fig. S2 .B). In contrast, no significant differences were found for Voc
values (Fig. S2.C). A further analysis is presented below.
On the other hand, regardless the DMSO:Pb 2+ ratio, lower efficiencies were revealed for the highest WVP ( Fig. S2 .A). These results are line with the efficiency trends previously reported in which only the RH values were taken into account as main parameter ( Fig. 1) . 19, 26 For atmospheric conditions of 1.85 kPa, lower efficiencies (around 12 % for ratio 0.75) were obtained as compared with those reported for the same perovskite deposition methodology (around 15 % for ratio 0.75). 26 This worse performing device could be due to the PSCs were here fabricated at a higher temperature (301 K) than that usually reported in literature. 19, 27, 33 Thus, although the RH were the same, the content of water in air (WVP) has been higher in our experiments than any other before. In this context, a drop of photovoltaic parameters was observed for 1.85 kPa with respect to 1.66 kPa, except to the FF that showed a similar value for intermediate ratios ( reported PCE for MAPbI3 devices. 1, 26, 28 However, WVPs beyond 1.7 kPa lead to a strong drop in efficiency. This is the case of 1.85 kPa (corresponding to 301 K and 49 % RH) in which the performance of the devices drops to 10.5 ± 1.6 % using even the optimum DMSO:Pb 2+ ratio of 0.75. Previously, it has been reported that low performance of PSCs at high temperature could be due to a low solubility of perovskite materials in the precursor solution, which could affect the growth of perovskite crystals. 34, 35 Nevertheless, it should be noted that the same high temperature was here reached to both the lowest and highest WVP analysed. Therefore, the dispersion in efficiencies appears to result from effects of atmospheric water content during the PSCs fabrication but not due to a change of perovskite solubility. This is an extra argument to further support the importance of using the absolute content of water as control during the perovskite deposition process
On the other hand, we also observed that the stability under illumination and the reproducibility were worse for the bad performing devices. In consequence, a WVP value of around of 1.6 kPa appears to be an upper limit for safe fabrication of high efficiency devices at ambient conditions. As it has been shown above, the efficiency trends for a certain WVP are mainly governed by the photocurrent, whereas the Voc happens to be basically insensitive to the DMSO content in the precursor solution (Fig.S2) . To analyse the impact of DMSO:Pb The HF resistance can be extracted from the impedance data by fitting to an equivalent circuit. In this work, a simple Voigt circuit [Rs−(RHF·CPEHF)] has been used to extract the corresponding HF resistance RHF. 45 The where Jrec is the recombination current, R00 is the resistance at zero potential, kB is the Boltzman constant, T is the absolute temperature, and β is the transfer or recombination parameters. On the other hand, the ideality factor (m) is related to as m=1/ . Results for the HF resistance are in line with previous impedance analysis: 36, 37 The ideality factors were close to 2 and unchanged with respect to the generation profile, which is associated with Shockley−Read−Hall recombination in the bulk of the active layer. 36, 47, 48 Activation energy for recombination of the employed perovskite materials was also determined (1.60 eV) by extrapolating the Voc for different temperature data to T à 0 49 ( Fig. S4.B ). This activation energy was coincident with the band gap reported for MAPbI3 perovskite 50 and with the optical band gap (Fig. S4.A) extracted from absorption data of the devices (1.63 eV), which confirms that the recombination is mainly determined by the bulk of the perovskite layer itself at open-circuit conditions.
Besides, we found that the RHF was basically independent from the DMSO:Pb 2+ ratio, which explains the relative constancy of the Voc values with respect to the precursor composition (Fig. S2) .
Nevertheless, when the RHF extracted for two different WVPs (1.66 kPa and 1.85 kPa) is compared, lower values of RHF for highest WVP but same ideality factor (close to 2) are obtained. This is shown in Figure S3 .B. This indicates a clear net enhancement in the Shockley−Read−Hall recombination rate for 1.85 kPa, which explains the reduction of the open-circuit potential at 1 sun illumination reported in Figure 1 , Figure   S1 .C and Figure S2 .C. This means that too much water in the crystalline structure of the perovskite (above the upper limit of 1.6 kPa mentioned above) triggers more recombination in the bulk of the perovskite, probably due to the formation of more recombination centers.
To investigate the influence of DMSO:Pb 2+ ratio as a function of water content in air on both absorption and charge extraction/separation performance, steady-state photoluminescence (PL) and UV-Vis spectroscopy studies were conducted. These were done in perovskite films deposited on mesoporous TiO2 at 1.66 kPa and 1.85 kPa, respectively and the results are presented in Fig. 4 . PL data have been normalized to the maximum absorbance found for each device by dividing the whole UV-Vis spectrum by the maximum intensity and multiplying the PL peak by the factor thus obtained. This way, a better comparison of different perovskite films is ensured. From Figure 4 , we infer that lower DMSO:Pb 2+ ratios produce perovskite films with higher absorption spectra at short wavelengths regardless the WVP used. This effect is more acute at 1.66 KPa. Bearing in mind that the perovskite films thickness are similar for all devices studied (~ 400 nm), the changes in absorbance could arise from changes in lead ion coordination, which depends on the mixture solvent in the precursor solution. 51 This is in line with the improved crystallinity observed for DMSO:Pb 2+ ≥ 1.0 by the increase in the X-ray diffraction (XRD) peak intensity at 14.1ᵒ, as shown in Figure S5 . (This peak is associated with (110) plane of tetragonal MAPbI3.) The XRD was carried out for perovskite films deposited at 1.01 kPa, for which a peak at 12.6ᵒ was also found for the different DMSO:Pb 2+ ratios. This peak is attributed to the (001) lattice plane of hexagonal PbI2. A qualitative analysis of these peaks revealed that the highest PbI2/MAPbI3 ratio is achieved for films prepared at DMSO:Pb 2+ ratio ≤ 1.0 (Table S1 ). Bearing in mind that the highest efficiency was obtained for ratio 1.0 for low WVP, this result points out that a certain PbI2 content on perovskite films could be the reason of the better performing devices. 47 It is also interesting to analyse the impact of the ratio on both light harvesting and electron injection. In Figure 4 it is observed that the lowest DMSO:Pb 2+ led to the highest photoluminescence peak intensities. Since the PL signal intensity arise from the radiative recombination processes inside perovskite material, an increased PL signal is indicative of slower electron injection from the perovskite film to the TiO2 layer.
Therefore, we conclude that injection and absorption are somehow compensated, which explains the relative insensitivity of the photocurrent with respect to the DMSO:Pb 2+ ratio ( Fig. S2.B) . By contrast, there is a clear difference between the PL intensities revealed at different WVP. Faster charge extraction was obtained for the films prepared at 1.66 kPa than those prepared at 1.85 kPa. Furthermore, for 1.66 kPa, an increase of the absorbance at short wavelengths for lowest DMSO:Pb 2+ ratios is also observed.
These results are in line with the drop in photocurrent obtained at higher WVP (Fig. 1,   Fig. S1 . B and Fig. S2 .B).
Scanning electron microscopy (SEM) images show also a distinct perovskite morphology depending on the WVP and DMSO:Pb 2+ ratio (Fig. S6) . The morphological change as function of DMSO content in precursor solution is in agreement with the data reported by Aranda et al. 26 For 1.66 kPa, perovskite films deposited from precursor solutions with low content in DMSO (ratio 0.5) revealed a fiber-like morphology mixed with larger crystalline domains ( Fig. S6 .E), while for ratio 1.0 these fibers did not show up, and a totally covered surface is observed (Fig. S6.C) . Although, large domains were also formed for highest content in DMSO (ratio 1.5), non-homogeneous films were detected ( Fig. S6 .A) due to presence of pin-holes. Therefore, an optimized stoichiometry of PbI2:H2O:DMSO leads to a more adequate morphology, in line with the best performing devices. The same trend was observed for films fabricated at 1.85 kPa. However, a higher pin-hole proportion was revealed for the highest DMSO:Pb 2+ ratios ( Fig. S6.B) . Indeed, non-homogeneous films were already detected for ratio 1.0 (Fig. S6.D) . On the other hand, smaller crystalline domains were observed when the films were prepared at higher WVPs. In particular, perovskite domains in the range of 200 nm and 100 nm were obtained for 1.66 kPa and 1.85 kPa, respectively. Considering that the grain boundaries increase the non-radiative recombination rate as well as adversely affect to charge extraction efficiency at the interface between perovskite and selective contact, 28, 52 these results could explain the low Voc (due to the larger concentration of recombination centers, as stated above) (Fig. 1, Fig. S1 and Fig. S2) and the poor injection efficiency (Fig. 4) obtained for devices prepared under higher WVP.
In order to show the wide applicability of a preparation method based on the control of the absolute water content in air, we have attempted the preparation of mixed perovskites at ambient conditions. Thus, we have extended the methodology reported 26 for fabrication of MA-devices under ambient conditions to formamidinium(FA)-devices by adjusting the DMSO proportion in precursor solution as a function of WVP. In particular, we fabricated FA0.83MA0.17PbI3 at 1.56 kPa (302 K and 39 % RH). A planar configuration was chosen to simplify the devices manufacturing. Because DMSO coordinate worse for FA-perovskite than MA-perovskite, 53 we used a lower DMSO content in the solution precursor than that calibrated for MAPbI3 (Fig. 2) . By adjusting DMSO:Pb 2+ ratio to 0.75, FA-devices with an efficiency of 14.7 % (JSC: 19.14 mA·cm -2 ; VOC: 1.03 V; FF: 74.7%) were obtained (Fig. 5 ). This efficiency is much higher than reported in the literature for FA-type of perovskite deposited at the same RH ( 9 % PCE at 40% RH). 
Experimental details

Fabrication of Perovskite solar cell
Perovskite solar cells were fabricated on FTO-coated glass (Pilkington-TEC15)
patterned by laser etching. The substrates were cleaned using Hellmanex® solution and rinsed with deionized water and ethanol. Followed this they were sonicated in 2-propanol and dried by using compressed air. The TiO2 blocking layer was deposited onto the substrates by spray pyrolysis at 450 °C, using a titanium diisopropoxide bis(acetylacetonate) solution (75% in 2-propanol, Sigma Aldrich) diluted in ethanol UV-Visible absorption spectra were recorded by using a Cary 100 UV-Vis spectrophotometer (Agilent) in the range of 400-850 nm. Steady state photoluminescence measurements were performed using a Hitachi, F-7000
Fluorescence spectrophotometer. X-ray diffractograms were recorded on a Bruker-A25 (D8 Advance) diffractometer using a Cu-Kα1 (1.5406 Ǻ) source. The diffractometer was set in Grazing incidence geometry at 2°. Scanning electron microscope (SEM)
images of the samples were performed using a Zeiss GeminiSEM-300 microscope working at 2 kV
Conclusions
The PCE differences found for devices prepared at different room temperature for the same RH underlined the importance of using the water vapour pressure as the parameter that matters when controlling the humidity in the preparation of perovskite at ambient conditions. Taking into account WVP during perovskite deposition, a study of the effect of the absolute water content in air on the performance of devices was carried out. Simultaneously, the optimum DMSO content in precursor solution as a function of WVP was also analysed. Highest efficiencies were revealed for WVP values lower than 
